A number of homeodomain proteins have been shown to regulate cellular development by stimulating the transcription of specific target genes. In contrast to their distinct activities in vivo, however, most homeodomain proteins bind indiscriminately to potential target sites in vitro, suggesting the involvement of cofactors which specify target site selection. One such cofactor, termed extradenticle, has been shown to influence segmental morphogenesis in Drosophila melanogaster by binding cooperatively with certain homeodomain proteins to target regulatory elements. Here we demonstrate that STF-1, an orphan homeodomain protein required for pancreatic development in mammals, binds cooperatively to DNA with Pbx, the mammalian homolog of extradenticle. Cooperative binding with Pbx requires a pentapeptide motif (FPWMK) which is well conserved among a large subset of homeodomain proteins. The FPMWK motif is not sufficient to confer Pbx cooperativity on other homeodomain proteins, however; the N-terminal arm of the STF-1 homeodomain is also essential. As cooperative binding with Pbx occurs on only a subset of potential STF-1 target sites, our results suggest that Pbx may specify target gene selection in the developing pancreas by forming heterodimeric complexes with STF-1.
The adult pancreas consists of both endocrine and exocrine components which are thought to arise from common precursor cells in the developing gut. Such precursor cells express a homeodomain protein referred to as STF-1 (14, 20) , IPF-1 (19) , IDX (17) , or XlHbox 8 (22) , the importance of which is illustrated by knockout studies in which targeted disruption of the STF-1 gene leads to congenital absence of the pancreas (10) . Although STF-1 is initially expressed in both exocrine and endocrine cells of the developing pancreas, its production is progressively restricted to insulin-and somatostatin-producing islet cells (7) . In these cells, STF-1 action appears to be important for maintaining high-level expression of both somatostatin and insulin genes (14, 17, 19, 20, 22) .
STF-1 recognizes two well-defined islet-specific elements on the insulin promoter, termed FLAT and P. When bound to these sites, STF-1 stimulates insulin transcription in concert with E47, a helix-loop-helix protein which recognizes two Ebox elements termed Far and Nir. Similarly, STF-1 regulates somatostatin expression in islet cells via two islet-specific elements, termed TSEI and TSEII (14, 17) .
Homeodomain proteins such as STF-1 have been found to play an important role in development by establishing cell or segmental identity (5, 8, 13, 16) . In contrast to their specific and distinct effects in vivo, most homeodomain proteins exhibit low and overlapping DNA binding specificity in vitro. However, recent studies have implicated certain protein cofactors as determinants of homeodomain DNA binding specificity in vivo (8, 13) . In Drosophila melanogaster, for example, extradenticle has been shown to modulate the activity of homeotic proteins without altering their pattern of expression (21, 24) . Rather, extradenticle appears to promote target gene selection by enhancing the DNA binding specificity of certain homeodomain proteins (2, 25) . Indeed, extradenticle is highly conserved in vertebrates, sharing extensive sequence similarity (71%) with the human proto-oncogene Pbx1 (23) .
In the present study, we show that the TSEII element of the somatostatin promoter recognizes a heteromeric complex composed of STF-1 and Pbx in pancreatic islet cells. Our results suggest that specificity of STF-1 action in the pancreas may in part be dictated by the ability of potential target promoter sites to recognize the STF-1-Pbx heteromeric complex.
MATERIALS AND METHODS
Plasmid constructions and expression of proteins. The STF-1 deletion constructs shown in Fig. 3B have been described previously (20) . The Pbx1 cDNA (generous gift of C. Murre) (18) and the STF-1 deletion mutants ⌬1-70, ⌬1-115, ⌬1-139, and ⌬216-284 were produced with the Promega TNT rabbit reticulocyte lysate-coupled transcription-translation system, according to the protocol of the manufacturer. The STF-1 full-length protein and the STF-1 deletion mutants Hox 140-215, 1-140, and 110-215 (see Fig. 3A ) were expressed in Escherichia coli with the bacterial expression vector pGEX3X. Recombinant proteins were purified as described previously (14) and eluted from the glutathione-Sepharose beads by digestion with 4 g of factor Xa for 16 h at room temperature.
The glutathione S-transferase fusion proteins described in Fig. 4 were also expressed in E. coli with the pGEX3X vector. The sequences coding for the rat Isl1 homeodomain (12) (amino acids [aa] 176 to 248), for the hamster cdx3 homeodomain (6) (aa 143 to 253), and for the STF-1 homeodomain (aa 140 to 215) were amplified by PCR and fused in frame in the pGEX3X plasmid. For the Pim-homeodomain fusion proteins, the STF-1 coding sequence from residues 110 to 139, encompassing the FPWMK motif, was ligated in frame upstream of the coding sequence of the Isl1 homeodomain (aa 176 to 248), of the cdx3 homeodomain (aa 176 to 253), and of the STF-1 homeodomain (aa 140 to 215) and inserted in the pGEX3X vector. Bacterial expression vectors coding for chimeric STF-1-cdx3 fusion proteins in Fig. 5 were constructed by introducing an EcoRI restriction site at position 19 (helix 2) and a BglII site at position 46 (helix 3) of both homeodomains without changing the respective amino acid sequences. Chimeric STF-1-cdx3 proteins were then produced by ligation of the corresponding sequences from both homeodomains with these two restriction sites. Swapping of the N-terminal arms of the STF-1 and cdx3 homeodomains was performed by PCR amplification. The glutathione S-transferase fusion proteins were expressed and purified as described previously (14) and eluted from the beads with 5 mM reduced glutathione. Prior to gel shift analysis, all STF-1 polypeptides were analyzed for proper expression by Coomassie staining of sodium dodecyl sulfate-polyacrylamide gels.
Transfections. Transfection experiments were performed in GC cells as previously described (20) with calcium phosphate coprecipitation. Cells were harvested 24 h after glycerol shock and assayed for luciferase activity after normalizing to ␤-galactosidase (␤-Gal) activity derived from a cotransfected Rous sarcoma virus-␤-Gal control plasmid. All experiments were performed in triplicate.
Gel mobility shift assays. Gel mobility shift assays were performed exactly as described previously (20) with 0.1 ng of an end-labeled double-stranded oligonucleotide whose sequences are presented in Fig. 2C . For off-rate analysis, the TSEII probe was first incubated with the proteins at room temperature for 30 min, and then a 1,000-fold excess of unlabeled TSEII oligonucleotide was added and aliquots were loaded at various time points on a running gel. In supershift assays, Tu-6 nuclear cell extract was preincubated with 1 l of Pbx (11) or STF-1 (20) antiserum for 15 min at room temperature before adding the TSEII probe. Pbx antiserum does not discriminate among members of the Pbx family (Pbx1, -2, and -3).
RESULTS
In pancreatic tumor cell lines, expression of the pancreatic islet hormone genes somatostatin and insulin depends on the homeobox factor STF-1. STF-1 regulates somatostatin expression in Tu-6 cells by binding to two tissue-specific regulatory elements termed TSEI and TSEII (14) . Using a 32 P-labeled TSEII site oligonucleotide probe in gel mobility shift assays of crude Tu-6 nuclear extract, we detected three specific protein DNA complexes, referred to as C1, C2, and C3 (Fig. 1A) . Complexes C1 and C2 were observed only in pancreatic islet cell extracts, C3 being detected at comparable levels in nonislet lines such as HeLa cells. Complex C3 appeared to contain the ubiquitous Oct-1 protein, as revealed by supershift assay with Oct-1 antiserum. By contrast, complexes C1 and C2 contained STF-1 protein, as determined by their sensitivity to addition of STF-1 antiserum.
Complex C2 increased exponentially as a function of extract concentration whereas complex C1 increased linearly in gel mobility shift assays. Recombinant full-length STF-1 protein generated a single complex migrating at the same position as complex C1 (Fig. 1A , lane labeled ''STF''), suggesting that complex C1 contains only STF-1 protein while complex C2 represents a high-affinity heteromeric STF-1 complex. In this regard, off-rate studies indicated that the half-life for complex C1 was less than 1 min compared with a half-life of about 15 min for the heteromeric STF-1 complex C2 (Fig. 1A , right panel).
To confirm that the C2 complex does not correspond to a homodimeric form of STF-1, we tested increasing concentrations of recombinant STF-1 protein in gel mobility shift assays with the TSEII probe (Fig. 1B) . No more slowly migrating complexes were observed with high amounts of STF-1 protein, indicating that complex C2 must contain an additional protein component which strongly stabilizes binding of STF-1 to DNA. To test whether this component was ubiquitously expressed, we added crude Jurkat (or HeLa) nuclear extracts to reactions containing recombinant STF-1 protein. Under these conditions, formation of complex C2 was readily observed and was dependent on addition of recombinant STF-1 (Fig. 1B) . The off-rate for the C2 complex in reconstituted extracts was comparable to that in Tu-6 extracts (about 15 min), indicating that a ubiquitous factor stabilizes the binding of STF-1 to the TSEII site (Fig. 1B, right) .
Recent reports of a Drosophila homeobox protein termed extradenticle, which binds cooperatively with other homeodomain proteins to target promoter sites (2, 25) , prompted us to test whether the mammalian homolog of extradenticle, termed Pbx (23), might be contained in complex C2. When added to crude Tu-6 nuclear extracts, Pbx antiserum specifically blocked formation of complex C2, but this antiserum had no effect on the formation of C1, which contains only STF-1 ( Fig. 2A , left panel, lane labeled ''PBX Ab''). Moreover, coincubation of Pbx and recombinant STF-1 proteins resulted in formation of the heteromeric C2 complex in gel shift assays ( Fig. 2A , center). The stability of this Pbx-STF-1 complex, evaluated by off-rate analysis, was comparable to that of the endogenous C2 complex in Tu-6 nuclear extracts ( Fig. 2A, right panel) .
To determine whether Pbx and STF-1 can bind coopera- tively to other STF-1 target sites besides TSEII, we performed gel shift assays with the recombinant STF-1 and Pbx proteins on the somatostatin TSEI or insulin P and FLAT elements, sites which bind STF-1 and which are required for islet cellrestricted expression of the rat somatostatin and insulin I genes, respectively, in pancreatic cells (Fig. 2B and C) . In contrast to the TSEII element (Fig. 2B, four leftmost lanes) , no heteromeric STF-1-Pbx complex was observed on the TSEI, P, or FLAT element. Indeed, heteromeric STF-1 complexes are also undetectable when the TSEI, P, or FLAT element is used in gel shift assays of crude pancreatic cell extracts (data not shown) (20) .
To determine whether STF-1 and Pbx can stimulate transcription in a cooperative manner, we performed transient transfection assays with a reporter vector which contains two copies of the somatostatin TSEII site upstream of a minimal growth hormone promoter (Fig. 2D ). To optimize regulatory contributions from the transfected Pbx expression plasmid, we employed an E2A-Pbx vector which expresses the activation domain of E2A fused to Pbx (15) . When transfected separately into GC cells, STF-1 and E2A-Pbx expression vectors had negligible effects on TSEII luciferase reporter activity. Cotransfection of STF-1 and E2A-Pbx effector plasmids markedly increased TSEII reporter activity, however, suggesting that STF-1 can indeed cooperate with Pbx on the TSEII site. In the presence of STF-1, a Pbx effector plasmid lacking the E2A trans-activation domain also induced the TSEII reporter activity about two-to threefold (not shown). By contrast, no such cooperativity between STF-1 and E2A-Pbx was observed in using a reporter plasmid which contained the insulin P element (P-Luc). These results suggest that STF-1 and Pbx can act synergistically only on STF-1 binding sites that are able to recognize the STF-1-Pbx heterodimer (Fig. 2B ).
To identify sequences within the somatostatin TSEII element which were important for Pbx-STF-1 cooperativity, we constructed several mutant TSEII oligonucleotides (Fig. 2B  and C) . The TSEII site contains three TAAT motifs, the principal recognition motif for homeodomain proteins. Mutation of TAAT motif 1 or 3 (M1 and M3, plus strand) had minimal effects on cooperative binding between STF-1 and Pbx, but mutation of TAAT motif 2 (minus strand) completely abolished Pbx-STF-1 cooperativity, indicating the importance of that special TAAT motif for the STF-1-Pbx complex formation. Mutation in the third TAAT motif (M3) also affected formation of STF-1 monomeric C1 complex.
To identify residues in STF-1 which promote cooperative binding with Pbx, we tested a series of truncated STF-1 polypeptides in gel shift assays with the TSEII probe ( Fig. 3A  and B) . Deletion of residues C-terminal to the homeobox domain had no effect on cooperative binding with Pbx (⌬216-284 mutant). And N-terminally truncated STF-1 polypeptides lacking the STF-1 trans-activation domain (aa 1 to 115) also retained ability to bind cooperatively to the TSEII site. But further deletion of the residues from aa 115 to 123 abolished cooperativity with Pbx, suggesting that a region outside the STF-1 homeodomain was important for heterodimer formation ( Fig. 3A and B) . Indeed, the homeobox region of STF-1 (Hox 140-215) formed a monomeric complex on the TSEII site but did not bind cooperatively with Pbx. But STF-1 polypeptides containing N-terminal sequences in addition to the STF-1 homeodomain (aa 110 to 215) showed cooperativity with Pbx, indicating that N-terminal residues flanking the STF-1 homeobox may form protein-protein contacts with Pbx upon binding to the TSEII site.
In the process of comparing residues in STF-1 with other Drosophila homeodomain proteins which bind cooperatively to DNA with extradenticle, the Drosophila homolog of Pbx, we noticed a pentapeptide motif, FPWMK (Table 1) , which is located within this N-terminal region of STF-1 (aa 115 to 123) and which is conserved in many homeoproteins from a wide variety of metazoans (5) . To assess the importance of this peptide motif for cooperativity with Pbx, we constructed a mutant STF-1 cDNA containing amino acid substitutions at each residue in the motif (FPWMK to AAGGQ) (Fig. 3C) . When compared with wild-type STF-1 protein in gel mobility shift assays, the mutated STF-1 protein was deficient in its ability to cooperate either with recombinant Pbx or with endogenous Pbx from Jurkat extracts (Fig. 3C) . By contrast, the mutant STF-1 protein showed wild-type binding activity on insulin P and FLAT elements, sites which do not form the heterodimeric complex. These results suggest that the Pbx interaction motif in STF-1, termed Pim, is indeed necessary for complex formation with Pbx.
To determine whether the Pim region was sufficient for complex formation with Pbx, we fused this motif to other homeobox proteins (Fig. 4) . Fusion of the Pim region upstream of the homeobox for Isl1, a lim homeodomain protein which binds the somatostatin TSEII site with high affinity, did not promote complex formation with Pbx. Similarly, addition of the Pim region to the caudal-like factor cdx3 did not induce formation of a Pbx-cdx3 heterodimeric complex. The spacing between the Pim region and the homeobox is comparable for 
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on July 5, 2017 by guest http://mcb.asm.org/ STF-1 and both the Pim-Isl1 and Pim-cdx3 fusion proteins, suggesting that the distance from the homeobox domain may not explain their inability to cooperate with Pbx. Additionally, the chimeric proteins (Pim-Isl1 and Pim-cdx3) appeared to bind DNA with wild-type affinity, indicating that lack of complex formation may not reflect incorrect folding. Taken together, these results suggest that, although the Pim region is required for formation of a heteromeric complex with Pbx, additional residues within the STF-1 homeodomain itself may be required. To characterize such residues, we replaced segments within the cdx3 homeodomain with the corresponding segments of the STF-1 homeodomain (Fig. 5) . When tested in the context of the Pim-cdx3 fusion protein (Fig. 4) , the Nterminal arm of STF-1 could reconstitute complex formation with Pbx, but other regions of the STF-1 homeodomain (helix 1, 2, or 3) showed no such activity. These results demonstrate that both the Pim motif and the N-terminal arm of STF-1 are necessary for complex formation with Pbx.
DISCUSSION
extradenticle, the Drosophila homolog of Pbx, appears to be essential for proper activation of a subset of target genes such as wingless, teashirt, and decapentaplegic during development (24) . extradenticle appears to induce these target genes by binding cooperatively to DNA with different homeotic proteins (2, 25) . In this study, we found that Pbx, the human homolog of extradenticle, forms a heterodimeric complex with STF-1 on the somatostatin TSEII element. Compared with STF-1 alone, the STF-1-Pbx complex is highly stable, as measured by the decreased off-rate of this complex in gel mobility shift assays. It is important to note, however, that our results do not discriminate among various members of the Pbx family (Pbx 1, -2, and -3), all of which apparently have the capacity to bind cooperatively with Hox proteins (3).
Formation of a STF-1-Pbx heterodimer on the somatostatin TSEII site requires a pentapeptide motif (FPMWK) which is conserved in a number of homeotic proteins, not only in vertebrates, but also in D. melanogaster (5) and Caenorhabditis elegans. Thus, the C. elegans homeotic protein Mab5 or Lin-39, which contains this motif, may similarly cooperate with the protein Ceh-20, which appears to be homologous to Pbx (1) . Using an artificial target sequence to induce Pbx-Hox heterodimer formation, Chang et al. have noted the importance of this conserved motif for cooperative binding with Pbx to DNA (3). Our results suggest that the effects of Pbx are not restricted to proteins in the Hox complex but include orphan homeobox proteins such as STF-1.
Although Chang et al. found that fusion of the conserved YPMWK motif to Hox A10 was sufficient to promote cooperativity with Pbx (3), we were unable to induce cooperativity when this motif was transferred to islet cell homeodomain proteins such as Isl1 and cdx3. These results indicated that additional residues within the homeodomain itself may be required for formation of the STF-1-Pbx complex. In this regard, we found that the flexible N-terminal arm of the STF-1 homeodomain (aa 145 to 153) was essential for cooperativity with Pbx. The N-terminal arm has been shown to confer functional specificity on homeodomain proteins such as Antennapedia, although the underlying mechanism remains uncharacterized (4, 26) . Structural studies have revealed that the N-terminal arm is located within the minor groove of the DNA, where it may impart subtle differences in DNA binding or in proteinprotein interactions. Although our results do not discriminate between these models, it is tempting to speculate that the formation of a STF-1-Pbx complex may rely in part on the Formation of the STF-1-Pbx heterodimer occurs on only a subset of potential STF-1 target sites. Our results suggest that this preference may form the basis for target site selection in developing islet cells. We have previously noted, for example, that STF-1 induces both insulin and somatostatin expression, albeit in distinct cell types (␤ and ␦, respectively) within the pancreatic islet. In ␤ cells, STF-1 appears to induce insulin expression by acting cooperatively with the helix-loop-helix protein E47. By contrast, STF-1 appears to promote somatostatin expression in ␦ cells by binding cooperatively to the TSEII site with Pbx. These observations suggest that the commitment of cells within the islet lineage to express either insulin or somatostatin may depend on the relative expression of E-box binding versus Pbx-type proteins.
A combinatorial mechanism for developmental regulation, like the one envisioned here for pancreatic development, has also been described for Saccharomyces cerevisiae. In this regard, the homeodomain protein Mat␣2 cooperates with Mat␣1 in diploid a/␣ cells to bind hsg operators and to repress haploid-specific genes. But in haploid a or ␣ cells, Mat␣2 appears to cooperate with a different activator, MCM1, and to thereby activate a distinct genetic program (9) .
The presence of a conserved motif which permits interaction between Pbx and certain homeobox proteins may explain in part the global effects of this regulator in development. The somatostatin gene is expressed in a number of tissues besides pancreas, including brain, stomach, and medullary thyroid tis- 
